1. Introduction: cryomicroscopy requires stable, conductive, transparent supports {#s0005}
=================================================================================

Low dose transmission electron cryomicroscopy of unstained, frozen-hydrated specimens in amorphous ice can be applied to high resolution structure determination. However, images recorded of specimens in thin films of ice over micron-sized holes in amorphous carbon suffer a loss of high resolution contrast due to specimen movement or charging ([@b0070]). Charging of insulating specimens can degrade images by charge-induced stresses that cause movements of the specimen or electrostatic perturbation of the imaging electron beam. The radiation sensitivity of frozen-hydrated biological specimens requires that images be recorded before charging and beam-induced movement can stabilize.

Improvements in imaging may therefore come from more stable or conductive specimen supports ([@b0105; @b0140; @b0165]) or from illumination conditions that reduce charging or movement ([@b0005; @b0010; @b0105]). Graphene has been proposed as an ideal TEM specimen support because of its electrical conductivity, high strength, and transparency ([@b0055]). Unmodified graphene has been tested as a support for positively stained ([@b0125]) and air dried ([@b0110]) biomolecules. Altered forms of graphene supports that render them hydrophilic have been tested for imaging unstained frozen-hydrated specimens: graphene oxide ([@b0115]), oxidatively-doped graphene ([@b0120]), and nano-crystalline graphene-like membranes ([@b0145; @b0150; @b0155]) that contain both graphene and amorphous areas ([@b0160]). Images of the test specimen tobacco mosaic virus on oxidatively-doped graphene or nanomembranes are reported to have improvements in high resolution contrast ([@b0120; @b0150]). However, unmodified graphene has potential advantages because of its extensively characterized conductivity, strength, thickness, crystallinity, and production.

In this study, we have applied an efficient method of transferring monolayer CVD graphene to holey carbon films for use as a support for minimum dose imaging of radiation sensitive specimens, including biological specimens vitrified in thin films over unmodified graphene. We show that with a graphene support present the charging of the ice film, as assessed by beam expansion of the defocused diffraction pattern ([@b0005; @b0020]), is eliminated. We also show that high resolution images of the radiation-sensitive organic crystal paraffin can be obtained by cryomicroscopy of crystals grown on graphene.

2. Preparation of frozen-hydrated biological specimens in amorphous ice over unmodified graphene sheets {#s0010}
=======================================================================================================

CVD monolayer graphene on Cu foil (Graphene Supermarket; CVD-Cu-2x2) was transferred to gold Quantifoil electron microscopy grids using methods similar to those previously described ([@b0125]), except that we designed and fabricated a single cell flow chamber for transfer of the graphene to multiple grids with reduced handling. The grids were annealed to the graphene by adding drops of chloroform to grids placed with the carbon side of the grid toward the graphene and heating to 200--250 °C in air for 10--20 min ([@b0135]). The annealed grids on graphene were coated with a film of 0.5% w/w Formvar/chloroform to add stability during Cu removal as previously described ([@b0125; @b0135]). [Fig. 1](#f0005){ref-type="fig"}(a--c) shows dissolution of the Cu foil by the flow of FeCl~3~ (Farnell AR413 37--46%), revealing grids with the graphene side up and attached to a Formvar film ([@b0125]). Dissolution of Cu was followed by extensive but gentle washing with analytical grade water ([Fig. 1](#f0005){ref-type="fig"}d--f) and without movement of the graphene/Quantifoil/Formvar layer. [Fig. 1](#f0005){ref-type="fig"}f shows grids attached to the Formvar sheet that may be dissolved by chloroform before additional wash steps with ethyl acetate, chloroform, or concentrated HCl are applied to individual grids. The resulting specimen support has an amorphous carbon side adjacent to the grid bars and a graphene layer on the side of the carbon that is distal to the grid bars ([Fig. S1, Supporting Information](#s0045){ref-type="sec"}).

When examined in the electron microscope, the contrast of clean graphene sheets is very low, and displaced objective aperture, dark field TEM was used to identify grids with holes covered with clean graphene ([Fig. 1](#f0005){ref-type="fig"}g). The procedure achieves large areas of homogenous coverage of the grid with graphene. Electron diffraction of holes with suspended graphene sheets shows the signature hexagonal pattern of graphene. The ratios of the 2.13 Å and 1.23 Å reflections as well as the diffraction pattern of tilted specimens are indicative of a monolayer ([@b0095]) ([Fig. S2, Supporting Information](#s0045){ref-type="sec"}). The appearance of the graphene and diffraction patterns are unchanged following electron irradiation at 120 keV and 200 keV (at least 2.4 × 10^3^ e^−^/Å^2^ at 120 keV), many times the exposure used in low dose imaging.

We used these graphene grids without further modification or glow discharging as a support for vitrification and low dose imaging and tomography of several biological specimens. 3--5 μl samples of influenza virus (C/JHB/1/66) or 5 mg/ml solution of apoferritin (Sigma A-3641) were applied through the grid bars to the amorphous carbon side of the grid, which is more hydrophilic than the continuous graphene side, and plunge frozen (Vitrobot Mark III, FEI, 4 °C, 95% relative humidity, 2--4 s blot time). Alternatively, apoferritin was added to the continuous graphene side and plunge frozen after lightly evaporating amorphous carbon (2 × 100 ms current pulses applied to carbon rods in an Emitech K950X) to make the graphene side more hydrophilic.

Electron cryomicroscopy was performed at liquid nitrogen temperature either on an FEI Tecnai Spirit microscope operating at 120 keV with a tungsten source, Eagle 2K CCD, and a Gatan 626 cryoholder or on an FEI G2 Polara field emission gun microscope operating at 200 keV with a Tietz F224HD CCD camera. Tilt series of influenza virus (7 μm defocus, 6.0 Å/pixel) or apoferritin (6 μm defocus, 4.4 Å/pixel) with accumulated dose of 50--100 e^−^/Å^2^ were acquired on the Polara using SerialEM ([@b0090]) and processed using IMOD ([@b0085]). Diffraction measurements were performed at a long camera length (∼2.5 m).

A low magnification image shows a grid square of frozen hydrated influenza virus ([Fig. 2](#f0010){ref-type="fig"}a) with holes covered by amorphous ice. Sections from a tomogram parallel to the plane of the amorphous ice show 100 nm sized virions with a membrane and a glycoprotein layer ([Fig. 2](#f0010){ref-type="fig"}b). The ice thickness was measured to be 120 nm from sections of the tomogram perpendicular to the plane of the ice ([Fig. 2](#f0010){ref-type="fig"}c). Similar measurements on two additional tomograms of 130 and 170 nm were consistent with the virions being fully embedded in the ice. The diffraction pattern in [Fig. 2](#f0010){ref-type="fig"}d shows both hexagonal reflections from graphene and diffuse diffraction rings of amorphous ice but devoid of crystalline ice peaks. The ring spacings of amorphous ice on graphene were calibrated using the internal standard of the graphene spacings (2.13 Å) and measured using the Digital Micrograph™ plug-in DiffTools ([@b0100]) to be 3.7 ± 0.1 Å and 2.14 ± 0.06 Å (9 measurements), consistent with low density amorphous ice ([@b0050]). [Fig. 3](#f0015){ref-type="fig"}a and b show images of apoferritin, a 450 kDa 24-mer protein assembly that forms a hollow shell, visible as ∼100 Å diameter spheres. In [Fig. 3](#f0015){ref-type="fig"}a the hole is partially covered by graphene with amorphous ice over graphene (top) and unsupported amorphous ice film (bottom); the graphene is folded at the boundary. [Fig. 3](#f0015){ref-type="fig"}c shows a diffraction pattern of the specimen in 3b with hexagonal graphene reflections and amorphous ice rings with spacings 3.68 ± 0.04 Å and 2.14 ± 0.02 Å (9 measurements) similar to those for the influenza sample. [Fig. 3](#f0015){ref-type="fig"}d shows a section of a tomogram parallel to the plane of the ice film with apoferritin particles visible. [Fig. 3](#f0015){ref-type="fig"}e shows a section perpendicular to the plane of the film where the apoferritin particles are slightly elongated due to the missing data wedge, but present in ice approximately 250 Å thick.

The specimens are embedded in an amorphous ice layer and are typical of those prepared in our laboratory using standard holey films. For images such as [Fig. 3](#f0015){ref-type="fig"}b, no objective aperture was used and images were taken in each hole without the beam touching the adjacent thick Quantifoil carbon support, conditions known to exhibit charging on ice films ([@b0005; @b0010]). As the images from these grids with suspended graphene sheets did not show visible effects of charging such as blurring, we next sought to study directly the extent of charging.

3. Elimination of the electron-optical effects of charging for amorphous ice specimens {#s0015}
======================================================================================

Charging was measured by its electron-optical effects in defocused diffraction mode as previously described ([@b0005; @b0020]). Beam-induced ejection of secondary electrons causes a saturable positive charge build-up on thin insulators in TEM ([@b0030]), which deflects the beam. Positive charge on the specimen acts as an electrostatic lens causing an effective change in the focal length of the objective lens. In diffraction mode, the focal length change results in a change in the diameter of the low resolution image formed by defocusing the zero order diffraction spot. A change in diameter of the defocused diffraction image is therefore a sensitive measure of charge. When the beam irradiates the thick amorphous carbon adjacent to a hole, the defocused diffraction image is the same size as when the beam irradiates no support (vacuum) indicating no charge build-up. We compared the difference in charge build-up on holes covered by amorphous ice or amorphous ice with graphene when charging had reached equilibrium.

We recorded series of defocused diffraction images in which the beam successively irradiated the carbon support, the amorphous ice, and then the carbon support for holes uniformly distributed on the 3 different grids (\>20 measurements) shown in [Figs. 2 and 3](#f0010 f0015){ref-type="fig"}. When imaging a hole covered by amorphous ice by a beam irradiating ice only without touching the adjacent carbon support, charging causes a 3--15% reversible increase in the defocused diffraction image compared to one recorded over the adjacent carbon support. [Fig. 4](#f0020){ref-type="fig"}a shows a 10% increase in beam diameter due to charging. The diffraction pattern in [Fig. 4](#f0020){ref-type="fig"}b shows that the hole contains amorphous ice only and no graphene. When imaging a hole covered by amorphous ice on the same grid and with the same illumination but with a graphene support, no beam expansion was observed ([Fig. 4](#f0020){ref-type="fig"}c, \<1% change in diameter of defocused diffraction spot, diffraction pattern in [Fig. 4](#f0020){ref-type="fig"}d). This difference was not due to a variation in ice thickness, because the difference in percent transmission between the holes was less than 1%.

By contrast, a commercially available 2 nm amorphous carbon film supplied by Quantifoil on S7/2 grids severely charges as judged by beam expansion, with or without an amorphous ice layer, and whether at room or liquid nitrogen temperature ([Fig. S3, Supporting Information](#s0045){ref-type="sec"}).

The addition of a graphene support thus eliminates the electron optical effect due to uncompensated charging of amorphous ice that causes a change of size in the defocused diffraction image. Though the amount of beam expansion due to charging is dependent on the choice of diffraction lens underfocus and camera length, the compensation of charging correlated perfectly with the presence of intact graphene under every condition tested. Subsequently, we were able to use the elimination of beam changes as an indication of an underlying graphene substrate as it can be difficult to distinguish amorphous ice supported by graphene and unsupported amorphous ice in a low dose, low magnification image due to graphene's transparency (\>50 measurements on grids shown in [Figs. 2 and 3](#f0010 f0015){ref-type="fig"}).

One possible mechanism of charge compensation by graphene is the accumulation of negative charge in the graphene layer adjacent to the positive charge on the ice, forming a dipole layer, as has been described for insulators covered by a thin conducting layer ([@b0030; @b0060]). Secondary electrons from irradiation of the adjacent amorphous carbon have also been demonstrated to compensate for electron optical effects in ice ([@b0005]). Because graphene compensates charging even without irradiation of the adjacent carbon, a compensating mechanism by secondary electrons would require that they are emitted from the graphene layer, despite its low secondary electron emission yields ([@b0080]). Mobility of charges within the ice layer or beam-induced conductivity of ice may also play a role.

4. Cryomicroscopy of a two-dimensional organic crystal on graphene {#s0020}
==================================================================

The radiation sensitive organic crystal paraffin, which is a monolayer 58 Å thick, has been used as a test specimen for imaging radiation sensitive specimens ([@b0035; @b0065; @b0075]). Monolayer paraffin crystals were prepared by adding a 5 μl drop of hexane saturated with paraffin (C~44~H~90~ -- tetratetracontane, Supelco, LB67780) to a Quantifoil-graphene grid, in some cases wicked with filter paper and others left to dry as previously described ([@b0065]). The paraffin crystals cover the graphene over holes as well as the adjacent carbon support. We have obtained images and diffraction patterns of crystalline paraffin supported by graphene under typical microscope conditions used for vitreous specimens at −196 °C on the Polara microscope operating at 200 keV. Fourier transforms of images show that the paraffin lattice dimensions (*a* = 7.4 Å, *b* = 5.0 Å), calibrated using the 2.13 Å graphene reflections, are similar to those described previously ([@b0035; @b0065]).

For the diamond-shaped crystal shown in [Fig. 5](#f0025){ref-type="fig"}a, a defocused diffraction pattern (1 e^−^/Å^2^) shows several orders of reflections from the paraffin lattice ([Fig. 5](#f0025){ref-type="fig"}b), with crystalline imperfections evident as dark areas within the defocused reflections. All ∼4 Å reflections are present in the power spectrum of an image recorded of a smaller area of the crystal (178 × 178 nm) with an exposure of 3 e^−^/Å^2^ ([Fig. 5](#f0025){ref-type="fig"}c). In some exposures, higher resolution reflections are observed ([Fig. 5](#f0025){ref-type="fig"}d). [Fig. 5](#f0025){ref-type="fig"}e shows a focused electron diffraction pattern of the same area from which the image was recorded showing ∼4 Å paraffin reflections (red arrows) and graphene reflections (white arrows). After further accumulated dose ([Fig. 5](#f0025){ref-type="fig"}f), the ∼4 Å paraffin reflections have mostly faded and the graphene reflections have remained constant.

We routinely found all ∼4 Å reflections (3.7 Å, 4.1 Å) in the Fourier transforms of images, a feature of good paraffin images according to previous studies of paraffin on amorphous carbon ([@b0065]), and intensity measurements of several of the best images are shown in [Table S1](#s0045){ref-type="sec"}. Quantitative measurements attribute the loss of high resolution (∼4 Å) image contrast to beam-induced movements based on comparison to electron diffraction patterns for which the integrated intensities are not affected by such movements ([@b0065; @b0075]). From image transforms, we evaluated the ratio of the ∼4 Å structure factor amplitude to the origin peak, F(g)/F(0), a measure of image quality, and estimate that the highest value observed exhibits 25% of the contrast anticipated for images not degraded by movements during exposure (See [Supporting Methods](#s0045){ref-type="sec"}). The data are promising in showing that high resolution imaging of beam sensitive specimens can be achieved on graphene. In a recent study of paraffin crystals ([@b0065]), the use of a thick amorphous carbon film support (35 nm) was shown to eliminate beam induced contrast loss presumably due to either increased conductivity or stability of the support. Though not yet showing the perfect contrast reported for 35 nm carbon supports ([@b0065]), holey carbon films with suspended graphene sheets merit further study for optimizing the imaging of radiation sensitive crystals. In addition to conductivity and stability, graphene monolayers have reduced inelastic scattering compared to amorphous carbon supports and elastic scattering confined to graphene lattice reflections at high resolution.

The paraffin grids were not covered with thick ice that charges and causes electrostatic effects as described in the last section. In highly defocused diffraction mode, however, we observed beam "footprints" ([Fig. 4](#f0020){ref-type="fig"}e), similar to those previously observed over amorphous carbon supports, where it has been demonstrated to be a phase contrast effect due to charge and not irradiation-induced contamination or etching ([@b0020; @b0045]). The footprint ([Fig. 4](#f0020){ref-type="fig"}(e), panel 1) is formed by concentrated irradiation by a beam that touches only the graphene film. The footprint remains without discharging, and fades only upon subsequent exposures when a wide region including the amorphous carbon support is irradiated ([Fig. 4](#f0020){ref-type="fig"}e, panels 2 and 3). The net amount of residual charge in footprints is negligible compared to the uncompensated charge over ice, as there is no effect on the size of the defocused diffraction image over graphene or the thick amorphous carbon. The observation of beam "footprints" on graphene sheets suggests that insulating material on the graphene surface charges and, despite compensation by the graphene layer, causes a phase contrast effect of the type that is also found on amorphous carbon films ([@b0020; @b0045]). Further investigation of this effect may require pristine graphene.

5. Application and prospects {#s0025}
============================

The transfer of CVD monolayer graphene to Quantifoil grids ([@b0125]) yields a specimen support suitable for plunge freezing and imaging frozen-hydrated biological specimens by low dose methods. When used in diffraction studies of crystals or amorphous materials, the graphene reflections also provide an internal camera length calibration. Evaluation of the best sample preparation method and conductive films, including the relative merits of unmodified graphene compared to modifications that make the graphene hydrophilic requires further investigation. Unmodified graphene has potential advantages because of its extensive characterization and production. In preparing thin films of amorphous ice over holey carbon films, the spreading of the buffer and the suspension of molecules over empty holes prior to blotting and freezing is influenced by the properties of the surface and the extent of blotting. When the specimen is applied to the amorphous carbon side of the Quantifoil-graphene grids, the properties of the amorphous carbon may be used to control the formation of amorphous ice films over graphene sheets as reported for nanomembranes ([@b0150]b). As shown here in tomogram cross-sections for frozen-hydrated specimens of different thicknesses, the sample is suspended in the thin ice film and need not adhere directly to the specimen support.

We show that an electron optical beam-induced imaging artefact caused by charging of amorphous ice is compensated by an underlying graphene support. Graphene sheets form a complete and continuous covering of individual holes, providing a conductivity path for electrons from grid bars and the adjacent amorphous carbon support. Multiple high magnification images can be acquired from the same hole without illumination of the adjacent thick amorphous carbon support. Graphene supports may thus facilitate other approaches to reduce beam-induced movement, such as serial scanning of small areas of the specimen (spotscan -- imaging) ([@b0025; @b0040]), which is reported to reduce movements in 2D crystalline specimens, but is not ordinarily used for non-crystalline specimens in amorphous ice because of problematic charging ([@b0170]). The lack of temperature dependence of these properties ([@b0055]) suggests that graphene may also compensate charging in cryomicroscopy experiments at liquid helium temperature, where charging is worse because amorphous carbon supports are poorly conducting ([@b0130]). The well-defined properties of graphene are important in understanding the mechanism of charging and charge compensation during the electron irradiation of insulators such as amorphous ice and in understanding the relationship between charging and other sources of beam-induced motion ([@b0015]). We expect further experiments on graphene supports to extend the limits of electron cryomicroscopy of beam sensitive biological specimens.

Appendix A. Supplementary data {#s0045}
==============================

Supplementary Fig. S1Transfer of CVD graphene to Quantifoil Grids. (a) Schematic of CVD monolayer graphene (grey) on Cu foil (orange) with annealed Quantifoil grid (yellow) and supporting layer of Formvar prior to etching. (b) Close-up schematic of graphene-covered grid with grid bars (yellow), amorphous carbon with holes (light brown). As discussed in the main text, the grids have a continuous graphene side (grey) and an amorphous carbon side accessible between the grid bars.Supplementary Fig. S2Characterization of graphene support grid by electron diffraction. (a) Hexagonal diffraction pattern of graphene over a hole in the carbon support. (b) Diffraction pattern of same area as (a) after tilting specimen holder by 10°. (c) Background-corrected and integrated intensities I(g) for reflections (2.13 Å, red line) and (1.23 Å, blue line) from (a) and (b) as a function of tilt angle showing invariance to tilt, an indication of monolayer graphene. (d) Diffraction pattern, contrast adjusted in lower half of the pattern to reveal higher resolution graphene reflections. (e) Ratio of intensities I(g) of the 2.31 Å and 1.23 Å reflections in rectangular box in (d) indicates monolayer graphene. Diffraction patterns were obtained from grids with paraffin crystals grown on graphene supports.Supplementary Fig. S3Charging of amorphous ice at liquid nitrogen temperature over a 2 nm carbon film. The specimen was vitrified on Quantifoil S7/2 grids, supplied with a continuous 2 nm amorphous carbon layer. Defocused diffraction image of (a) the thick amorphous carbon support film with amorphous ice (c) amorphous ice over 2 nm carbon film. (b) Comparison of diameters in (a) and (c). (d) Low magnification image of Quantifoil with 2 nm carbon film.Supplementary Table S1Intensity of high resolution (∼4 Å) reflections in Fourier transforms of paraffin imagesSupplementary Methods
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![Transfer of monolayer CVD graphene to gold Quantifoil grids in a flow cell. (a) Cu foil covered in FeCl~3~ with visible etching on the right side. (b) Further progression of etching showing half of the Cu foil removed. (c) Most of the Cu foil has been dissolved. (d) Initial washing step after mixing of the FeCl~3~ and water. (e) FeCl~3~ partially removed. (f) Clean grids (diameter 3.05 mm) with graphene side up remain attached to the formvar sheet in water. (g) Displaced aperture dark field TEM image showing graphene suspended over holes (blue arrow) and a hole without graphene (red arrow). (Scale bar 1 μm).](gr1){#f0005}

![Frozen-hydrated influenza virus over graphene. (a) Low magnification image of a grid square with 3 μm diameter holes covered by amorphous ice and empty holes. (b) Sections of a tomogram (24 nm thick) parallel to the plane of the amorphous ice with influenza virions. (c) Sections of a tomogram (13 nm thick) perpendicular to the plane of the ice along the dotted line in b. (d) Diffraction pattern shows hexagonal graphene reflections at 2.13 Å (red arrows) and diffuse amorphous ice rings (blue arcs at 3.7 Å and 2.14 Å resolution). (inset) Radial average of the pattern within a sector that excludes graphene reflections (as indicated by arcs along amorphous ice maxima) with first ice maximum (dotted vertical line) and the resolution of graphene reflections (2.13 Å, vertical red line) indicated. Horizontal arrow shows region obscured by beamstop. Scale bars 100 nm.](gr2){#f0010}

![Frozen-hydrated apoferritin over graphene. (a) Low dose image of apoferritin applied to the amorphous carbon side of the grid. The graphene layer spans only part of the ice film (top) and is folded at the boundary. (b) Image of apoferritin applied to the graphene film after light carbon evaporation, 3 μm defocus and 10 e^−^/Å^2^. (c) Diffraction pattern showing hexagonal graphene reflections and diffuse amorphous ice rings. (d) Section of tomogram parallel to the plane of the amorphous ice showing apoferritin particles. (e) Section of tomogram perpendicular to the plane of the ice. Apoferritin particles are elongated due to the missing data wedge, but present at different depths within the ice film. Scale bars 50 nm.](gr3){#f0015}

![Comparison of charging of amorphous ice with amorphous ice over a graphene sheet by electron optical perturbation of image in defocused diffraction mode. (a) Composite showing 10% change in diameter between defocused diffraction image of amorphous carbon (half profile, left) and amorphous ice (half profile right). (b) Diffraction pattern showing amorphous ice rings for same hole as (a). (c) A composite showing no change in diameter between defocused diffraction image of amorphous carbon (half profile, left) and amorphous ice over graphene (half profile, right). (d) Diffraction pattern showing amorphous ice rings and graphene reflections for same hole as (c). (e) Phase contrast effect due to charging following irradiation of circular area on graphene at −196 °C with 5 e^−^/Å^2^. Defocused diffraction images showing strong contrast (panel 1) on first exposure with footprint fading on second (panel 2) and third (panel 3) exposures that irradiate a much larger region than the hole.](gr4){#f0020}

![Imaging paraffin crystals grown on graphene-covered holey carbon grids. (a) Low magnification image of a diamond-shaped monolayer paraffin crystal grown over a 3 μm Quantifoil hole covered by graphene. (b) 1 e^−^/Å^2^ defocused diffraction pattern of part of the diamond crystal in (a) showing several orders of reflections from the paraffin lattice. (c) Power spectrum from image of a 178 × 178 nm crystal area much smaller than for the diffraction pattern taken with 3 e^−^/Å^2^ showing the (1,1) at 4.1 Å, (1,−1) at 4.1 Å, and (2,0) at 3.7 Å. Reciprocal lattice vectors are indicated with arrows. (d) Small area of power spectrum of image (20120503_19), recorded prior to image for (c) with exposure of 1 e^−^/Å^2^, displays a 3.0 Å (2,1) reflection. (e) 10 e^−^/Å^2^ focused electron diffraction pattern with labels on upper half showing graphene reflections (white arrows) and paraffin reflections (red arrows). (f) 10 e^−^/Å^2^ focused electron diffraction pattern after an accumulated dose of 45 e^−^/Å^2^ showing the paraffin reflections mostly faded, but the graphene reflections unchanged.](gr5){#f0025}
